This study evaluated the cytotoxicity of self-etching primers/adhesives by direct contact and dentin barrier tests. The three two-step self-etching systems Clearfil SE Bond (CSE), Clearfil Protect Bond (CPB), Prime&Bond NT/NRC (PB) and one-step self-etching systems Reactmer Bond (RB), Clearfil Tri-S Bond (CTS), and Adper Prompt L-Pop (AP) were examined. In direct contact tests, L929 cells were cultured in the presence of diluted solutions (50, 20, 10, and 1%) of primer/conditioner of adhesive systems. For dentin barrier tests, each system was applied onto 0.5 or 1.5 mm thick human dentin assembled in a simple pulp chamber device and incubated for 24 h at 37°C to make the diffusive components contact the L929 cells placed at the bottom of the chamber. The cytotoxic effects were assessed by MTT assay. Cell culture without application of any primers/adhesives served as the control for both tests. One-way ANOVA and Tukey HSD tests were used for statistical analyses. The direct contact tests demonstrated that CSE and CPB were less toxic than the other materials at all dilutions. In the dentin barrier tests, toxic effects of materials were reduced with an increase in thickness of intervening dentin. CSE and CPB showed less cytotoxicity than the other adhesives (p<0.05) when applied to 0.5 mm-thick dentin, and CSE was the least toxic in the 1.5 mm-dentin group (p<0.05). Dentin thickness positively affected biocompatibility of the tested bonding systems. Two-step self-etching systems with HEMA-based primers were more biocompatible than other self-etching adhesives.
INTRODUCTION
Biocompatibility is a fundamental property of dental materials and has, over the last years, gained increasing interest from dentists, patients, manufacturers, public health services, and dental technicians. The organic matrix of dental resin-based materials has been recognized as a source of compounds that cause a wide variety of adverse biological reactions [1] [2] [3] [4] [5] . These materials often display cytotoxic properties due to incomplete polymerization [6] [7] [8] , and the degree of toxicity depends on the concentration of the released components 9) . Unreacted components eluted from incompletely polymerized dental restorations have been suggested to hamper the healing process of surrounding tissues [5] [6] [7] [8] [9] [10] . The development of adhesive systems has allowed for the restoration of lost tooth structures with minimally invasive preparation designs. The main purpose of these materials is to enhance adhesion between resin and tooth structure to increase retention of the restorative material and reducing leakage across the dentin-resin interface 6) . The clinical success of restorative treatment, however, does not only depend on the physical and chemical properties of the adhesive systems but also on their biologic compatibility 11) . Clinical studies have only shown a low incidence of unfavorable biologic effects by direct application of adhesive systems to dentin.
However, pathological changes of pulpal tissues may occur after placement of adhesively bonded resincomposite restorations since uncured monomers diffuse through dentin and reach the pulp within minutes after placement of a restorative material 12) . Considerable attention has been paid to the identification of the individual components of dental materials that are responsible for the interaction with cellular structures. Cell culture studies have demonstrated that the components of resin restoratives are hazardous because they elicit significant toxicity when in direct contact with fibroblasts. However, these components have varying potencies; risks that are posed to the dental pulp dependant upon the quantities which permeate the dentin and accumulate in the pulp 13) . Major monomers and co-monomers have been identified as the cytotoxic components of the organic matrix of resin composite materials, and a relationship between the structural and biological activities of monomers has been reported 14, 15) . Two-hydroxyethyl methacrylate (HEMA), triethyleneglycol dimethacrylate (TEGDMA), bisphenol A-glycidyl-methacrylate (Bis-GMA), and urethane dimethacrylate (UDMA) are common constituents of restorative materials and have been identified in aqueous extracts from cured resin restoratives 16, 17) . Several in vitro studies have shown that HEMA and Evaluation of cytotoxic effects of six self-etching adhesives with direct and indirect contact tests TEGDMA have cytotoxic potentials 18, 19) to a lesser degree than the more hydrophobic monomers Bis-GMA or UDMA 9) . Since current adhesive systems have multiple components, interactions among these components may occur, resulting in more or less cytotoxicity than caused by the individual components themselves 9) . Therefore, net evaluation of the cytotoxicity of products is meaningful.
To obtain an accurate risk assessment, the applied in vitro testing model must reflect the clinical situation as closely as possible. Two main strategies have been employed to date. The first is testing of the components of materials to cells in monolayer culture, constructing dose-response curves and then using this to estimate the cytotoxic potential of these components in vivo. Secondly, intervening substrates between the material tested and the cells are used to mimic barriers which might exist in vivo 15) . The aim of this study was to evaluate the possible cytotoxic effects of six current self-etching adhesives in different dilutions with "direct contact test" and when applied to dentin surfaces with different thicknesses as a barrier in a simply modified "dentin barrier test device" on the underlying L929 cells. We hypothesized that there is no difference in cytotoxicity between the test materials, independent from the testing method.
MATERIALS AND METHODS

Cell culture
The cell line used for the experiment was L929 mouse skin fibroblasts (L929 HUKUK 95030802, Sap Institute, Ankara, Turkey). The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Biological Industries, Israel) supplemented with 10% Fetal Bovine Serum (FBS; Biological Industries, Israel), 1% penicillinstreptomycin solution (Biological Industries). Cultures were supplied with fresh medium every other day and incubated at 37°C in a humidified incubator with 5% CO2 and 95% air. Confluent cells were detached with a mixture of 0.05% tyrpsin and 0.02% ethylenediamintetraacetic acid (EDTA). Aliquots of separated cells were subcultured. Cell cultures between fifth and eighth passages were used in all experimental procedures.
Test materials
The materials used are listed in Table 1 . Three brands for both two-step and one-step self-etching adhesives were included.
Direct contact testing
Cytotoxicity of different dilutions of each adhesive was examined in this part of the study. For two-step self-etching systems, only the primers/conditioners were used to avoid interactions between the bonding resins as materials were not cured in this experiment. Primers/ conditioner or adhesives were diluted with the culture medium to 50, 20, 10, or 1% as follows:
-50% solution: 3,000 µL DMEM with FBS + 3000 µL primer/adhesive -20% solution: 4,800 µL DMEM with FBS + 1200 µL primer/adhesive -10% solution: 5,400 µL DMEM with FBS + 600 µL primer/adhesive -1% solution: 5,940 µL DMEM with FBS + 60 µL primer/adhesive
To each well of 48-well culture plate, 5×10 4 cells were placed and incubated for 24 h in a 5% CO2 incubator at 37°C. Then, 500 µL of diluted primer/adhesive was added to each well and incubated in a 5% CO2 incubator at 37°C for 24 h. The cell culture in fresh medium without primer/adhesive served as a control group.
Dentin barrier testing
Non-carious human extracted third molar teeth (n=336) were obtained with patients' consent under the protocol approved by the ethical committee of the Selcuk University, Faculty of Dentistry. The occlusal thirds of the crowns were removed perpendicular to their long axis. 168 dentin slices of 0.5 mm and 168 slices of 1.5 mm thickness were cut with a diamond saw (Isomet Saw; Buehler, IL, USA) under water coolant (Fig. 1) . Flat dentin blocks (3×3 mm) were sectioned from these slices. For standardization of distribution of dentinal tubules, the dentin sections were taken from areas adjacent to the pulp chamber with no evidence of inclusion of a pulpal horn. The top and bottom surfaces of the dentin blocks were polished with 600 grit wet silicone carbide paper to finely adjust the thicknesses. To remove debris on the surfaces, 37% phosphoric acid was put on the polished surfaces and washed immediately with copious amount of water.
The dentin blocks were kept in physiological saline with 0.01% thymol and sterilized by autoclaving (121°C for 25 min) before testing. The sterilized discs were stored in DMEM for 24 h at 37°C for hydration, and the lack of contamination was confirmed.
A simple test device modified from the one reported by Imazato et al. 20) was used (Fig. 2) . With a hydrophilic vinyl polysiloxane impression material (Examix fine, GC Corp, Japan), a spacer fitting the well of a 48-well culture plate was prepared. The spacer had a 2.8×2.8 mm square hole in the center. This hole was smaller in size than the dentin block to enable a tight and leak proof seal. For each thickness, the sectioned dentin blocks were randomly divided into 7 groups (n=24) and each group was further divided into 2 subgroups (n=12) for the experiments in duplicate. After autoclaving procedure, each block was assembled to the spacer where their pulpal side was in direct contact with the 500 µL of culture medium containing 5×10 4 cells. Adhesive systems were then applied to the occlusal side of the dentin block and light cured according to the manufacturer's instructions. The plate was incubated for 24 h in a 5% CO2 incubator at 37°C. The cell culture without application of adhesive served as the control. 
MTT assay
For both direct contact and dentin barrier tests, the medium was removed after 24 h of incubation and the cells were washed with phosphate buffered saline solution (PBS). Then, 50 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (Sigma Chemical, St. Louis, MO, USA) at 5 mg/mL and 500 µL of DMEM were added to each well, and incubated for 4 h at 37°C and 5% CO2. The plates were further incubated for 8 h after addition of 500 µL of 2% sodium lauryl sulphate (SDS) -0.01 N hydrochloric acid (HCl) and the absorbance at 570 nm was determined spectrophotometrically. The experiment was performed in duplicate for each group. Figures 3 (a-d) reveal the absorbance at 570 nm determined by MTT assay for each material at four different dilutions of 50%, 20%, 10% and 1% respectively. All self-etching primers/adhesives demonstrated toxicity to L-929 cells, showing significantly lower values than the control group (p<0.05). Among all dilutions, the primers of CSE and CPB exhibited significantly lower cytotoxic effects than the other conditioner or adhesives (p<0.05). There were no statistically significant differences among PB, CTS, AP and RB. For 10 and 1% diluted groups, CSE was the least cytotoxic among the materials tested.
Data analysis
Statistical analysis was conducted with One-way Analysis of Variance and Tukey HSD tests. A value of p<0.05 was considered statistically significant.
RESULTS
Direct contact testing
Dentin barrier testing
For both 0.5 and 1.5 mm dentin thickness groups, all adhesive systems exhibited cytotoxic effects (p<0.05) on L-929 cells. However, the degree of sensitivity of L-929 cells was dependent on the dentin barrier thickness. Figure 4a reveals that with a 0.5 mm-thick dentin block, CSE and CPB showed significantly lower cytotoxic effects than the other materials (p<0.05). There was no statistically significant difference between the other adhesives (p>0.05). With 1.5 mm-thick dentin (Fig. 4b) , CSE was the least cytotoxic among all materials tested (p<0.05). CPB and RB were less cytotoxic than PB, CTS, and AP (p<0.05). 
DISCUSSION
Cell culture assays provide a convenient, controllable, and repeatable method to assess the biocompatibility of materials. Increasing public concern regarding the use of animals in biocompatibility evaluation of dental materials has made in vitro testing more reasonable and ethically more acceptable 21) . There are several in vitro test models for screening of cytotoxicity of biomaterials such as direct/indirect contact tests or extract tests. Cao et al. 22) evaluated the cytotoxic effects of composites on L-929 cells by using both direct, indirect contact tests and extract test. Different test models were found to give rise to different findings. Thus, a good cell-material contact method would replicate more closely the physiological situation in vivo. This in turn would give more clinically relevant results.
In the present study, to compare intrinsic cytotoxicity of six self-etching adhesives and to further evaluate them under more realistic condition, both direct and indirect contact tests were performed. MTT assay was employed for assessment of toxic effects on the cells. The MTT assay has been extensively used to assess cytotoxicity of dental materials and indicates the cell viability based on the mitochondrial dehydrogenase activities. In this test, methylthiazol tetrazolium is metabolically reduced to colored formazan. The factors that inhibit dehydrogenase activity affect the associated color reaction. It has been shown that activated cells produce more formazan than resting cells; therefore, it is possible to measure cell activity or enzyme activities [23] [24] [25] [26] [27] [28] . With direct contact tests, all primers/conditioner/ adhesives showed cytotoxicity to L-929 cells and 50% and 20% diluted solutions were found to be more toxic than the other dilutions for all materials. Hashieh et al. 24) investigated the cytotoxicity of 10 −1 -10 −8 diluted fourth and fifth generation of bonding systems on L-929 cells with MTT test and found that the level of cytotoxic effects was reduced with the dilution rate.
Chen et al. 29) also reported that the cytotoxic effects of different dilutions of bonding agents on pulpal cells were increased in higher concentrations after 24 h incubation period. It is clear that the reduction in cytotoxic effects of the materials by dilutions were the results of reduced concentrations of harmful components. Since self-etching primers/adhesives are acidic in nature, increase in pH by dilution may be another reason for reduced toxicity.
The most logical contributing factor to the different cytotoxicity levels would be the type of methacrylates, which are the main components of the bonding systems tested in our study. Four different methacrylate monomers (Bis-GMA, HEMA, UDMA and PENTA) are used in various combinations in these bonding systems. The concentration of each monomer in each bonding systems influences toxicity. Evaluation of the cytotoxicity of acrylates and methacrylates used in dental materials showed a relationship between their structure and degree of cytotoxicity 30) . TEGDMA as well as Bis-GMA and UDMA were found to be quite cytotoxic 30, 31) . Many studies demonstrated that Bis-GMA is the most cytotoxic component of bonding systems, with UDMA, TEGDMA, HEMA and MMA being less cytotoxic 15, 32, 33) . Ratanasathien et al. 9) showed that TC50 value (Toxic Concentration 50 i.e. nanoparticle concentration inducing 50% cell mortality) for these resins could be ranked from most toxic to least toxic as Bis-GMA, UDMA, TEGDMA and HEMA after exposures of 24 and 72 h. As expected, Bis-GMA-based adhesives (CTS, AP) revealed cytotoxicity similarly to the acid conditioner (NRC) and showed greater damaging effects on vitality of fibroblasts than UDMA-based adhesive (RB) or HEMA-based primers (CSE, CPB) at all dilutions. Furthermore, the reduced cytotoxicity depending on the dilution was mostly found in CSE and CPB primers. UDMA is more toxic to cells than HEMA, and Huang and Chang 34) reported that greater cytotoxicity for PB than CSE was due to the component UDMA in its formulation. Similarly, in our study, the primers of HEMA-based two-step self-etching adhesives showed less cytotoxic effects than one-step adhesives comprised of monomers with higher molecular weight. Biological properties of dental restorative materials can be modified by the nature of dentin. Dentin permeability is of special interest for adhesion of materials to dentin and for their biological effect on the pulp 35) . Dentin acts as a diffusion and adsorption barrier, thus reducing the concentration of eluted substances 36) . The residual dentin layer absorbs unbound monomers and, therefore, contributes to the decrease in the cytotoxicity of the material 37) . Many studies demonstrate that non-polymerized components of dentin bonding systems elicit cytotoxic effects on pulpal cells by diffusion through the dentinal tubules 6, 20, 26, 38, 39) . The results of our study indicate that sufficient amounts of components were leached from self-etching adhesives into the cell culture medium through dentin, causing suppression of cell activity when no outward pressure from the pulp was applied.
Dentin thickness influences the concentration and amount of bonding agents that penetrate through dentin into the pulpal space. A dentin thickness of 0.5 mm can reduce material toxicity to 75% and 1 mm dentin can reduce toxicity to 90% of the control value when dentin is not present 40) . Hamid and Hume 41) determined the effects of dentin thickness on diffusion of resin monomers from adhesives after 24 h incubation period using 0.4-3.6 mm thick dentin slices as a barrier. They found that the thinner the dentin, the greater the diffusion of components is. Thus, the diffusion rate is inversely proportional to the dentin thickness and directly proportional to the fraction of the cross-sectional area of dentin composed of dentinal tubules. We found that toxicity of all adhesives was less when they were applied to 1.5 mm instead of 0.5 mm dentin. The results were similar to those of a previous study, which evaluated the effects of 0.1-0.5 mm thick dentin discs as a barrier on the cytotoxicity of different bonding systems 42) . Molecular weight of the monomer is important in terms of diffusion rate. Diffusion rate of the molecule is proportional to the square root of the molecule weight. Low molecular weight resins such as HEMA, 4-META and TEGDMA may act as solvents for more viscous resins such as Bis-GMA and UDMA making them more diffusible to cells and tissues 4) . HEMA has a lower molecular weight than Bis-GMA, UDMA and TEGDMA. Therefore, it is possible that diffusion of this monomer occurred in greater amounts from the cured adhesive into the culture medium through the dentin. Imazato et al. 20) examined the cytotoxicity of experimental self-etching primers containing MDPB at 1, 2, or 5% using a simple pulp chamber device and 0.5 mm dentin discs. They reported no difference in cytotoxic effects by the addition of MDPB in these concentrations. However, less toxicity of HEMA resulted in lower cytotoxicity of CSE and CPB regardless of its possible higher amount of diffusion. No difference in the toxicity was found for CSE and CPB coincided well with the results reported for the prototype MDPB-containing adhesives. The cytotoxic level of unpolymerized MDPB itself to pulpal fibroblasts has been demonstrated to be similar as that of TEGDMA 43) . Conclusively, it is suggested that CPB containing 5% MDPB is a biocompatible adhesive system. Unbound monomers and/or additives are eluted by solvents or polymer degradation within the first hours after initial polymerization. The release is due to the defective photo-polymerization due to thermal, mechanical or chemical factors. Approximately 15-50% of the methacrylic groups remain unreacted 44) . Due to new developments, the percentage of unbound monomers has been decreased during the past 10 years but is still not eradicated. To date, there is no total conversion during polymerization. It can be expected that, at the end of the initial polymerization, most of the monomers will react with the polymer network and the quantity of residual monomers is less than a tenth of the remaining methacrylate groups 37) . About et al. 39) evaluated the cytotoxic effects of diluted and non-diluted bonding systems applied onto 0.7-mm-thick dentin discs in a pulp chamber device and found that dilutions to 10% or less resulted in no cytotoxic effects. Sensitivity to resin monomers differs between cell species, culture condition such as cell density or additives for promoting differentiation. However, their results indicate that the cytotoxicity to the cells by diffusion of unreacted components from the adhesive through dentin can be reduced to non-toxic level by obtaining a high degree of polymerization.
Further research is necessary and future studies should focus on the relationship between the toxicity and degree of conversion of adhesive systems. Modification of the testing device to simulate pulpal pressure and its influence on the outcomes would also be of great interest.
CONCLUSION
All self-etching primers/adhesives tested in this study showed some cytotoxicity to L-929 cells. Lower cytotoxicity was found with an increase in the dilution in the direct contact tests. Even with a dentin barrier between the material and cells, monomers diffused through the dentinal tubules and affected the cells. However, cytotoxicity decreased with an increased dentin thickness. CSE and CPB were found to be less cytotoxic than the other adhesives with both direct contact and dentin barrier tests, suggesting that HEMA-based primers of two-step self etching systems are more biocompatible than one-step self-etch adhesives.
